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Objectives 

Acquire a fundamental understanding of the 
reaction networks, active sites and deactivation 
mechanisms of potential bioethanol steam reforming 
catalysts to develop precious metal free catalysts that 
can operate at lower temperatures with high yields 
and selectivities for hydrogen steam reforming from 
bioethanol.  More specifically:

Determine the effect of catalyst synthesis methods •	
on oxidation state, structure, metal dispersion, and 
particle size of cobalt-based bio-ethanol reforming 
catalysts using the following techniques:

Aqueous or organic impregnation––

Co-precipitation––

Sol-gel synthesis––

Organometallic synthesis ––

Control of calcination and reduction conditions––

Determine oxidation states and chemical structures •	
that are present in active catalysts that are exposed 
to:

Varying pre-treatment protocols––

Differing levels of steam-to-carbon ratio during ––
reaction

Oxidative and auto thermal operation––

Different space velocities––

To study how the observed catalyst characteristics •	
influence the reaction pathways for:

Oxygenate formation––

Reverse water-gas-shift––

Alkane and olefin formation ––

Coke deposition––

Determine how the chosen support material can •	
influence metal dispersion and structure, and how it 
participates in:

Alcohol and water adsorption––

Spillover of species––

Intermediate and product formation––

Determine methods that can tailor the catalyst •	
surface for optimum selectivity and activity by:

Site blocking––

Chemical promotion––

Active site density control––

Determine factors that degrade catalyst stability and •	
optimize regeneration methods:

Pathways and active sites for coke formation––

Loss of surface area under reaction––

Metal-support compound formation––

Sintering––

Technical Barriers

This project addresses the following technical 
barriers from the Hydrogen Production section 
(3.1.4.2.1) of the Hydrogen, Fuel Cells and Infrastructure 
Technologies Program Multi-Year Research, 
Development and Demonstration Plan:

(A)	 Reformer Capital Costs

(C)	 Operation and Maintenance (O&M)

(D)	Feedstock Issues

Technical Targets

Bio-ethanol steam reforming over Co-based catalysts:

This project is a systematic and detailed study aimed 
to provide fundamental answers to questions that are not 
readily solved in an industrial setting.  The results of this 
study will prevent interpreting erroneous information 
resulting from the screening of a large catalyst matrix by 
characterizing the parameters that lead to or inhibit the 
formation of active sites for reforming.  The information 
obtained from the proposed study will address many 
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common problems associated with catalyst development, 
such as choice of materials, pre-treatment conditions, 
and factors controlling active site distribution, stability, 
and selectivity.  Insights gained from these studies will be 
applied toward the design and synthesis of cost-effective 
and efficient reforming technologies that meet the DOE 
2012 technical targets for hydrogen from bio-derived 
renewable liquids.  Specific technical targets that would 
benefit from this study are the following:

Production Energy Efficiency: 72.0%•	

Contribution of Production to Capital Cost:  •	
0.45 ($/gge)

Accomplishments 

Characterized the deactivation mechanism over Co-•	
based catalysts.

Modified catalyst formulation to achieve over 90% •	
H2 yields at temperatures below 500°C under neat 
conditions.

Tested activity for steam reforming of various bio-•	
derived liquids.

Tested activity in the presence of impurities that are •	
found in bioethanol.

Used pre-reaction, post-reaction, and in situ •	
characterization of catalysts and mechanistic studies 
to gain insight into the reaction networks, active 
sites and oxygen mobility and used these insights 
for tailoring catalyst surfaces for higher activity and 
stability.

Initiated work on molecular simulation for rational •	
design of the catalyst system (collaborative effort).

Performed initial economic analysis using H2A •	
model resulting in a production cost of $3.46/kg.  
An independent analysis performed by Directed 
Technologies, Inc. using OSU data estimated the 
production cost as $3.17/kg.  

Successfully completed the milestones for Phase •	
One of the project and went through a go/no-go 
evaluation, which resulted in a “go” decision.

G          G          G          G          G

Introduction 

For hydrogen energy to fulfill its potential for 
protecting the environment, providing more efficient 
energy sources, and decreasing our nation’s dependence 
on foreign oil, we need economical and efficient 
technologies for hydrogen production from renewable 
energy sources.  Hydrogen production from ethanol 
through steam reforming offers solutions involved in 
hydrogen storage and infrastructure and lends itself 

very well to a distributed hydrogen production strategy.  
The bio-ethanol produced by fermentation of biomass 
can yield an ethanol-water mixture already ideal for 
reforming without additional distillation steps.  A review 
of the ethanol steam reforming literature shows that 
there is no consensus about an optimal catalyst, and a 
fundamental understanding of the relationships between 
catalytic properties and how these properties are 
affecting various reaction steps involved in this complex 
network is lacking.

The development of non-precious metal catalysts 
in this project will reduce the catalyst cost, while the 
lower operation temperatures will reduce the material 
cost for reactor systems and will also reduce the energy 
requirement for heating the feed mixture to high 
reaction temperatures.  The catalyst will have high 
steam reforming activity, while being non-selective for 
various undesired side reactions, such as methanation, 
dehydration, dehydrogenation, coking, and reverse 
water-gas-shift reaction.  The high yields to be achieved 
will help increase the production energy efficiency.  
The catalytic system will have high stability and well-
understood regeneration mechanisms.  High stability will 
reduce catalyst cost by prolonging the active life span 
of the catalyst.  The regeneration mechanisms will be 
useful in reactivating the catalyst, rather than discarding 
the deactivated catalyst.  The design of such catalysts 
will not be possible without a thorough understanding 
of the relationships between the catalyst preparation 
parameters, their structural and molecular characteristics 
and their reaction performance.  The understanding 
acquired through this study will eliminate the need for 
costly trial-and-error efforts and will enable design of 
catalytic systems with the desired characteristics.

Approach 

The project encompasses a comprehensive study 
of precious-metal free catalyst systems (Co-based) for 
steam reforming of bio-ethanol and other bio-derived 
liquids for hydrogen production.  The study includes 
examination of the catalyst at every stage of its life 
history, from precursor stage to activation, deactivation 
and regeneration steps, in an effort to understand the 
nature of active sites, the reaction networks and all 
underlying phenomena that determine the activity, 
selectivity and stability of these catalysts.  The techniques 
used include catalyst synthesis studies, transient and 
steady-state reaction tests, and characterization studies 
using surface, bulk and molecular analysis techniques.  
The approach taken is not a consecutive execution of 
the tasks or steps in each task, but rather an iterative 
approach where the findings in one aspect of the study 
are utilized in a feed-back mechanism to plan, and 
modify the steps taken in another task.
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Results 

The impurity tolerance of the catalyst system is 
important for steam reforming crude ethanol directly 
without undergoing distillation and then re-mixing with 
water.  Since the crude ethanol is much cheaper than 
pure ethanol, the development of the catalyst system 
with excellent impurity tolerance in the reactants will 
facilitate the further reduction of the hydrogen cost 
from ethanol steam reforming route.  Based on the 
reported composition of the crude ethanol [1], a typical 
reactant liquid mixture is assumed to be composed of 1% 
glycerol, 1% lactic acid, 12% ethanol, and 86% water at 
volumetric percentage.  The Co/CeO2 catalyst displayed 
excellent reforming performance as shown in Figure 1.  
Ethanol is completely converted at temperatures as 
low as 350°C.  Approximately 95% H2 yield is achieved 
when the temperature is above 450°C.  Acetaldehyde 
and acetone are main byproducts appearing at lower 
temperatures, but are not observed above 400°C.  
Methane steam reforming and reverse water-gas-shift in 
addition to bio-ethanol steam reforming (BESR) are the 
major reactions controlling the product distribution and 
H2 yield at higher temperatures.  More significantly, the 
high activity can be maintained up to 100 hrs without 
any sign of deactivation. 

Although the catalyst systems developed so far 
are exclusively designed for ethanol steam reforming, 
their applicability for reforming other bio-liquids can 
be an important advantage if acceptable activity as well 
as stability can be acquired, since a variety of organic 
compounds will be produced after fermentation of 
biomass.  Table 1 summarizes the H2 yields achieved 
for various commonly used bio-derived liquids at 
temperatures 450°C and above over a 10%Co/CeO2 

catalyst prepared through incipient wetness impregnation 
(IWI) using ethanol as the solvent for the Co precursor.  
Generally, a minimum of 80% hydrogen yield is achieved 
for all bio-derived liquids tested.  

Table 1.  The Hydrogen Yields for Various Bio-Derived Liquids over 
10%Co/CeO2 

Bio-derived liquids % H2 Yield

Methanol >95% at 450oC

1-propanol >90% at 500oC

2-propanol >80% at 550oC

Butanol >85% at 550oC

Dimethyl ether >80% at 550oC

The post-reaction characterization studies were 
performed over spent catalysts.  Transmission electron 
microscopy (TEM) and scanning electron microscopy 
(SEM) characterization showed that in addition to 
amorphous carbon, carbon nanofibers were also 
formed over 10%Co/ZrO2 with varying diameters.  
The cobalt particles appeared to be encased at the tip 
of the fibers.  The carbon fibers are seen to vary in 
diameter substantially, depending on the size of the 
Co particle that catalyses its growth.  While most of 
the fibers are shorter with diameters around 20 nm, 
there are some fibers with much larger diameters (~150 
nm).  Compared to the average size of the Co particles 
of freshly reduced samples, some of the Co particles 
encased in carbon fibers appear to be much larger, 
suggesting that there may have been sintering of Co 
particles during reaction, resulting in larger particle sizes.  
The catalysts which contained ceria (10%Co/10%CeO2-
ZrO2) showed no fiber formation even after 110 hrs 
time-on-stream experiment.  TEM analysis at high 
resolutions suggested that the CeO2-added catalyst 
followed an “extrusion” mechanism in coke deposition, 
where carbon is not allowed to dissolve and diffuse into 
the metal particle, inhibiting fiber formation.  Over the 
Co-ZrO2 catalysts, the Co particles seem to be lifted 
off the surface by the fiber growth mechanism, over 
the ceria-modified catalysts, the Co particles remain 
anchored on the surface.  

In situ and post-reaction characterization of 
catalysts showed oxygen mobility to play a significant 
role in improving catalytic performance, including 
activity and stability by facilitating complete ethanol 
oxidation to CO2.  Isotopic oxygen exchange 
technique has been widely accepted as a useful tool for 
investigating oxygen mobility in oxides [2-4].  The inset 
of Figure 2 shows the typical profiles collected during 
16O2-to-18O2 and 18O2-to-16O2 switches.  All the signals 
are normalized by the total counts.  During the first 
switch, 16O16O signal (m/z=32) decreases, accompanied 
by a rise of 18O18O signal (m/z=36).  The 16O18O signal 
(m/z=34) is shown to go through a maximum.  The 

Figure 1.  Ethanol conversion and product distribution over 10%Co/
CeO2 (EtOH IWI) during crude ethanol steam reforming at different 
temperatures.  (Reaction parameters: H2O:EtOH=23.5:1 (molar ratio), 
GHSV=~15,000 h-1, WHSV=0.2g EtOH/gCat/h, and CEtOH=~1%) and 
the corresponding time-on-stream data at 450°C.
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16O18O formation is derived from the dissociative 
adsorption of 18O2 and subsequent recombination of 
the 18O atom created and 16O atom originally attached 
to the sample.  This mechanism has been referred to 
going through a “three-atom complex” by Winter [5].  
The doubly labeled oxygen results from a “four-atom” 
complex on the surface.  Following the 18O2-to-16O2 
switch, relaxation and rise curves are essentially identical 
as well as the signal for the cross-labeled oxygen.  After 
integrating the peak areas of corresponding oxygen 
species, the amount of exchanged oxygen atoms was 
calculated using a technique described previously in the 
literature [6] for the two bare supports and ceria- and 
zirconia-supported catalysts.  As seen in Figure 2, not 
only the CeO2 support, but also the CeO2 supported 
Co sample presents notably higher oxygen mobility 
than their zirconia counterparts.  Moreover, when Ca 
is introduced into the CeO2 support lattice, a great 
enhancement of oxygen mobility is observed resulting 
from the creation of oxygen vacancies due to the lower 
valence state of Ca compared with Ce.  The improved 
activity is demonstrated in Figure 3.  The product 
distributions at 400°C indicate that higher hydrogen 
yield (86%) is acquired without the formation of any 
liquid byproducts (e.g., acetone) over Ca incorporated 
catalyst under neat conditions. 

Through further modifications, more promising 
catalyst formulations are achieved, giving 90% H2 
yields under neat reaction conditions.  As can be seen 
in Figure 4, the addition of a second non-precious 
metal (i.e., Cu in this study) improves the catalytic 
activity especially at lower temperatures, compared 
with the Co-only samples, indicating that there exists a 
synergetic interaction between these impregnated active 
metals.  This observation shows potential in industrial 
applications, because it will facilitate the cost reduction 
while achieving competitive catalytic performance 
compared to its precious metal counterparts. 

Conclusions and Future Directions

The catalyst system formulated has strong tolerance •	
to the reactant impurities and high flexibility to 
other bio-derived liquids.

Deactivation mechanism has been examined and •	
catalyst formulations have been modified to achieve 
higher stability.

Oxygen mobility has been shown to play a •	
significant role on improving catalytic performance.  

Excellent catalytic performance was achieved •	
under neat reaction conditions through catalyst 

Figure 2.  Oxygen mobility over ZrO2, CeO2, Ca0.1Ce0.9O1.9, 10%Co/ZrO2, 
10%Co/CeO2, 10%Co/Ca0.1Ce0.9O1.9 measured using 16O2/

18O2 switch.

Figure 3.  Conversion and Product Distributions over 10%Co/CeO2 and 
10%Co/Ca0.1Ce0.9O1.9 at 400°C (Reaction parameters: H2O:EtOH=10:1 
(molar ratio), GHSV=~5,000 h-1, WHSV=0.54g EtOH/gCat/h, and 
CEtOH=~7.5%)  

Figure 4.  The effect of Non-Precious Metal Promoter on the 
Catalytic Activity of 10%Co/CeO2 during BESR  (Reaction parameters: 
H2O:EtOH=10:1 (molar ratio), GHSV=~5,000 h-1, and CEtOH=~7.5%)
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formulation modifications and control of catalyst 
particle growth.

Kinetic and mechanistic studies will be coupled with •	
catalyst characterization under reaction conditions 
to obtain kinetic parameters.

Long term time-on-stream experiments will be •	
performed (e.g., >100 hrs under neat reaction 
conditions).

Accelerated deactivation and regeneration studies •	
(e.g., higher carbon to steam ratio and gas hourly 
space velocity, GHSV) will be performed.

Economic analysis will be tuned based on updated •	
catalyst system knowledge database and the new 
H2A model.

Collaborative molecular simulation work using •	
density functional theory calculations will be 
performed and used to guide rational catalyst 
design.

Special Recognitions & Awards/Patents Issued

1.  A poster named “Hydrogen Production from 
Biorenewable Resources over Non-Noble Metal Catalysts 
for Fuel Cell Applications” has received the second place in 
the 2008 Ohio Fuel Cell Symposium Poster Competition.
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